I. INTRODUCTION
Semiconductor nanocrystals embedded in a dielectric matrix have been extensively investigated due to their interesting physical phenomena and potential applications in optoelectronic and nanoelectronic devices. The utilization of nanocrystals as discrete charge storage nodes makes them more robust to stress-induced leakage current and allows for continuous scaling of flash memory device. Various nanocrystal synthesis methods have been intensively investigated, including cosputtering, 1-3 ion implantation, 4,5 chemical vapor deposition 6, 7 as well as oxidation of SiGe. 8, 9 More recently, the pulsed laser ablation technique has been studied as an attractive technique for the formation of nanocrystals with a narrow size distribution. [10] [11] [12] [13] Recent efforts have also focused on the utilization of high-k dielectrics in nanocrystal memory devices to achieve both good retention time and low voltage operation due to the unique band asymmetry in the programming and retention modes.
14 Different high-k dielectric materials have been demonstrated for memory device applications, including HfO 2 , 14, 15 ZrO 2 , 16, 17 Al 2 O 3 , 17 HfAlO, 18, 19 LaAlO 3 , 20 and Lu 2 O 3 . 10 In order to obtain a good quality high-k tunneling dielectric with a low density of interface traps, Lu 2 O 3 was adopted due to its thermodynamical stability and low leakage current characteristics, besides having a moderately high dielectric permittivity ͑ϳ12͒. [21] [22] [23] [24] [25] [26] Furthermore, the utilization of Ge nanocrystals instead of Si nanocrystals as the floating gate material allows a greater potential for enhanced device performance due to the smaller band gap of Ge that provides both a higher confinement barrier for retention mode and a smaller barrier for program and erase mode. [27] [28] [29] The demonstration of Ge nanocrystals in amorphous Lu 2 O 3 high-k dielectric matrix for nonvolatile memory ͑NVM͒ device can be found in our previous work. 10 In this work, the formation and evolution of Ge nanocrystals incorporated in Lu 2 O 3 matrix were investigated based on transmission electron microscopy ͑TEM͒ and x-ray photoelectron spectroscopy ͑XPS͒ analysis. Different charge storage mechanisms were proposed to explain the opposite hysteresis behavior that is strongly related to the composition and structure of the film before and after anneal. Efficient hole trapping events were observed from the annealed sample under low voltage operation, which makes it attractive for low voltage NVM applications.
II. EXPERIMENT
A KrF pulsed laser was used to ablate the target in an ultrahigh vacuum chamber. The wavelength of the excimer laser is 248 nm and the laser energy density is around a͒ Electronic mail: pslee@ntu.edu.sg JOURNAL OF APPLIED PHYSICS 102, 094307 ͑2007͒ 1.5 J / cm 2 with a frequency of 5 Hz. The pulsed laser deposition ͑PLD͒ target assembly has been illustrated in the previous work.
10 p-type ͑100͒ Si substrates were first cleaned using SC1 and SC2 solutions, and then dipped into HF ͑1%͒ solution to remove the native oxide. The laser deposition was carried out in a high vacuum system ͑modified by Quasi-S Pte Ltd.͒ with a background pressure of about 6 ϫ 10 −7 Torr with the target rotating at about 30 rounds/ min and the substrate was maintained at room temperature. During the PLD process, the target was kept stationary while allowing the laser to ablate the Lu 2 O 3 for 2 min to form ϳ2 nm thick tunneling oxide layer. Subsequently, the target assembly was set to spin slowly about its central axis and the laser beam vaporized the two component materials alternately for 6 min to form ϳ6 nm of Ge nanocrystals embedded in Lu 2 O 3 matrix. In order to prevent the degradation of electrical properties due to hygroscopic properties of Lu 2 O 3 , an additional Al 2 O 3 capping layer was deposited by ablating a round Al 2 O 3 ͑99.999%͒ target ͑diameter D =25 mm͒ for 3 min to form ϳ4 nm control oxide layer. With a high crystallization temperature and large band gap properties, Al 2 O 3 could act as an effective blocking oxide due to an expected reduction in charge leakage to the control gate. After deposition, the film was subjected to postdeposition annealing ͑PDA͒ using rapid thermal processing ͑RTP͒ at 400°C for 60 s in N 2 ambient.
The structural properties of the nanocrystals embedded in Lu 2 O 3 matrix was examined using high-resolution transmission electron microscopy ͑HRTEM͒ with 200 kV accelerating voltage. XPS experiments were performed on the films without Al 2 O 3 capping to study the chemical composition of the films before and after anneal. Photoelectron spectra were collected by means of a PHI 5600 XPS system using Al K␣ ͑energy= 1486.6 eV͒ radiations at a take-off angle of 45°. In order to obtain the chemical composition as a function of depth from the as-deposited film, depth profiling was performed using Ar + ions at an energy of 0.5 keV. In order to eliminate crater wall effects, the data were acquired from a smaller region ͑300ϫ 1400 m 2 ͒ in the center of the sputter area ͑4 ϫ 4 mm 2 ͒. Zalar rotation was used to minimize roughening of the samples due to ion bombardment. Secondary ion mass spectroscopy ͑SIMS͒ depth analysis was carried out to investigate the elemental distribution in the annealed film using a 1 keV Cs + primary ion source. Metal-insulator-semiconductor ͑MIS͒ memory capacitor structures were fabricated from the samples by evaporating Au top electrodes with 0.3 mm diameter and backside electrodes of ϳ500 nm thick after removing the native oxide on the wafer backside with 1% diluted HF. The memory behavior was investigated by performing capacitance-voltage ͑C-V͒ measurements at room temperature using HP4284A precision LCR meter. The programming characteristic was studied by electrically stressing the device at different voltages and subsequently monitoring the forward C-V sweep under a restricted bias sweep with a fast sweep rate to minimize charging up of the nanocrystals during the measurement. The charge retention behavior of the devices was studied by performing capacitance-time ͑C-t͒ measurements at room temperature. Figure 1͑a͒ shows the planar TEM image of the asdeposited film, with some dark contrast regions observed on the gray background, indicating the presence of nanoparticles in the oxide matrix. Small nanoparticles with 2 -3 nm dimension and an areal density of 7 ϫ 10 9 cm −2 were observable from the image. The nanoparticle size is close to the estimated critical size for nucleation of Ge nanocrystals about 2 nm. 29 However, lattice fringes could not be clearly resolved in the dark areas, which could be related to the amorphous state or lattice instability in very small crystallites.
III. RESULTS AND DISCUSSION
29 Figure 1͑b͒ shows the planar TEM image of the film after PDA at 400°C, with a large number of nanocrystals observed to precipitate densely in the amorphous Lu 2 O 3 matrix. The annealing treatment resulted in an increased nanocrystal density of 7 ϫ 10 11 cm −2 and larger crystallites with a mean size of 6 nm were obtained. The crystalline nature of the Ge dots is evidenced from the observed lattice planes with an interplanar distance of ϳ0.33 nm, which correspond to the ͑111͒ lattice planes of bulk Ge in the 
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Chan et al. J. Appl. Phys. 102, 094307 ͑2007͒ diamond cubic phase. Larger nanocrystals were observed indicating the growth and coalescence of smaller nanocrystals associated with the diffusion of Ge atoms during the annealing treatment. Besides that, twinning of the ͑111͒ planes was observed in some bigger crystalline dots larger than 5 nm. The simultaneous increase in nanocrystal size and density achieved after annealing is favorable to ensure sufficient amount of charge storage for detectable threshold voltage shift of the memory device. 30 At the same time, sufficient intercrystallite separation is maintained to obtain electrically isolated storage nodes. The chemical composition of the films with and without PDA was revealed by XPS depth profile analysis. As shown in Fig. 2͑a͒ , the Ge 2p 3/2 XPS spectra of the as-deposited sample indicates the existence of Ge in its oxidized state, with a fitted main peak at higher binding energy corresponding to GeO 2 ͑1220.5 eV͒ and a small lower binding energy peak to GeO x ͑1218.8 eV͒. After the annealing treatment at 400°C, the Ge2p 3/2 peak shifted down to 1217.7 eV, corresponding to the existence of Ge in the elemental state. The results suggest that Ge-O bonds were created during codeposition with Lu 2 O 3 , which is similar to the observations from the films deposited by cosputtering with the incorporation of Ge oxides. [29] [30] [31] [32] In Fig. 2͑b͒ , the XPS depth profile for Ge provides information on the chemical state of Ge throughout the as-deposited film. It was found that the film consists of a subsurface region with Ge existing in the oxide phase ͑GeO 2 and GeO x ͒, and the existence of elemental Ge phase was revealed in the bulk, after a few sputter cycles. However, Ge exists predominantly in the oxide phase throughout the film, with only a low concentration of elemental Ge present at larger depth, as observed from the significantly lower integrated intensity of the Ge 0 peak compared to the GeO 2 and GeO x peaks. The small amount of elemental Ge initially contained in the matrix can provide nuclei for the formation of nanocrystals, if the size is sufficiently larger than the critical size. 29 This suggests likely the nucleation of very small Ge precipitates possibly close to the critical nuclei size in the initial deposit, which is in good agreement with the presence of small nanoparticle regions observed from the planar TEM image in Fig. 1͑a͒ . However, a large fraction of Ge was oxidized during the deposition process and exists as Ge oxide in Lu 2 O 3 matrix.
Based on the structural and compositional analyses, the nanocrystal formation process could be described from the thermodynamics point of view. The as-deposited film could be considered as a supersaturated solution containing a large amount of excess Ge oxides and a small amount of elemental state Ge. The high kinetic energy of plasma generated during the laser ablation process resulted in an enhanced adatom mobility during the deposition process, and some small crystallites could be formed from the preexisting Ge atoms when the diffusing Ge atoms bond to existing nuclei. During the annealing treatment, a spontaneous reduction reaction of Ge oxides and suboxides occurred, leading to the creation of a large amount of elemental Ge atoms. Hence the process of nanocrystal formation primarily took place with the precipitation of Ge nuclei corresponding to the reduction of Ge oxides upon annealing. This is evidenced from the densely distributed Ge nanocrystals observed from the plan-view TEM image of the annealed film, indicating a significant increased nucleation of Ge nanocrystals associated with the reduction process during the annealing treatment. The simultaneous increase in the average size and size distribution of the nanocrystals after annealing can be explained by the growth and aggregation of the Ge precipitates initially contained in the matrix. The final size of the nanocrystals are determined by the nucleation of Ge from the reduction of GeO 2 , as well as subsequent growth and coarsening process via the Ostwald ripening mechanism, 29, 33 whereby larger particles grow at the expense of smaller particles.
The dissociation of GeO 2 and GeO x under a low annealing temperature of 400°C can be explained from the thermodynamics perspectives, whereby a large negative Gibbs FIG. 2. ͑Color online͒ ͑a͒ Ge 2p 3/2 core level XPS spectra of the film before and after N 2 anneal at 400°C and ͑b͒ Ge 2p 3/2 stack plot with each spectrum obtained after each sputter cycle from the XPS depth profile measurement.
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Chan et al. J. Appl. Phys. 102, 094307 ͑2007͒ free energy change ͑⌬G͒ involved provides a highly energetically favorable reaction to proceed rapidly. A possible reducing species involved in the dissociation process is from the small amount of substoichiometric Lu oxides existing in the oxide matrix due to oxygen deficiencies. Due to the contribution of the significantly larger Gibbs free energy of formation ͑⌬ f G 0 = −1789.0 kJ mol −1 ͒ for Lu 2 O 3 ͑Ref. 34͒ as compared to other oxides, a large driving force could be provided for the substoichiometric Lu 2 O 3 to react with Ge oxides, leading to the formation of stoichiometric Lu 2 O 3 and Ge. This could be related to the significant reduction observed under a low annealing temperature, which is different from the previously reported works that require a high temperature anneal above 600°C for the observations of reduction reaction. [35] [36] [37] [38] However, the small chemical shift ͑0.1 eV͒ exhibited by the Lu atom resulted in difficulties in determining different oxidation states present in the matrix. The relative atomic concentration of each element was quantified by integrating each peak, and the O / Lu ratio of ϳ1.33 obtained from the as-deposited film indicates a small degree of nonstoichiometry due to oxygen deficit in the dielectric matrix, which could act as the source for the reduction reaction. Figure 3 shows the SIMS depth profile of each element in the direction from the film surface to the Si substrate for the as-deposited and 400°C annealed sample. Minimal differences were observed from the profiles after annealing, except for some slight difference in the slope of the falling edge for the Al and Ge profiles. However, the in-diffusion of Al and Ge atoms could not be determined based on the small changes in the slope profiles as tailing effects due to ion bombardment were expected to occur during the sputtering process. Nevertheless, the Ge atoms were well-distributed within the middle region of ϳ6.5 nm thick before and after anneal, which is in good agreement with the expected distribution. Besides that, both Ge profiles show the appearance of a small peak near the interface with the Al 2 O 3 control dielectric, suggesting a pile up of Ge atoms in the vicinity of the upper interface during the deposition process. Figure 4 shows the high-frequency ͑100 kHz͒ C-V hysteresis loops of the MIS devices obtained by applying bidirectional gate voltage sweep between 0 and −4 V. An opposite hysteresis behavior was observed between the devices with and without PDA, which suggests the involvement of different mechanisms in the charge trapping process. The anticlockwise hysteresis loop observed from the annealed device is generally attributed to the charge storage of the nanocrystals via substrate injection mechanism. When a positive voltage is applied to the gate, electrons can tunnel from the deep inversion layer of the substrate to the nanocrystals via substrate injection mechanism. [39] [40] [41] When a negative voltage is applied to the gate, electrons can tunnel from the nanocrystals ͑and/or holes can tunnel from the deep accumulation layer of the substrate to the nanocrystals͒, resulting in a shift of the C-V curve towards negative voltages. 39 A significant charge storage effect was demonstrated in Fig. 4͑b͒ with a large flatband voltage shift of ϳ1.3 V obtained from the annealed device. The number of trapped charges was estimated to be 7.0ϫ 10 12 cm −2 from the flatband voltage shift obtained, which gives an estimation of ten charges stored in a nanocrystal. The large stored charge density is attributed to the presence of localized traps at the interface between the nanocrystals and the oxide or at the internal traps of the nanocrystals. [42] [43] [44] [45] [46] Since no distortion, e.g., flat step due to deep defect traps or large interface state density, was observed 47 in the C-V curves, the hysteresis effect is likely related to the charging of the Ge nanocrystals or nanocrystalrelated traps. On the other hand, the clockwise hysteresis from the device without PDA in Fig. 4͑a͒ could be associated to different compositional and structural properties of the film before anneal. Based on the XPS analysis, it can be deduced that the as-deposited film consists of a Ge-rich mixture with a large fraction of Ge oxides and a small amount of Ge precipitates. Hence a substantial amount of interface traps and structural defects, e.g., weakly bonded GeO x , were created, which resulted in mixed charge trapping effects at the interface and defect states. With the larger amount of interface states and defects existing in the oxide before annealing, it is plausible to assume that defect-related charging dominates, whereby charges were transferred between the traps at the excess Ge and Ge oxides as well as surrounding oxide defects or trapped at the interface and defect states in the oxide matrix. 48 Hence the large density of oxide defects prevents effective charge injection from the substrate, resulting in a reverse hysteresis behavior. This is apparent from the stretch-out in the C-V curve observed when the gate voltage was swept from inversion into the depletion region, indicating the contribution of interface traps in the C-V characteristics. Figure 5͑a͒ shows the programming characteristics of the annealed device before and after charging with sequentially increasing programming voltages, with a holding time of 10 s for each programming voltage. The initial C-V curve obtained before performing the charging measurements can be treated as the quasineutral condition ͑i.e., the uncharged condition͒ under a restricted bias sweep. A negligible shifting of the curves was obtained under a positive applied bias, while the C-V curves consistently shifted towards more negative gate voltages with increasing negative programming voltages as a larger amount of holes were trapped in the nanocrystals. This indicates that the major charge storage of the memory device is due to hole contribution, with negligible electron charging effect observed. Figure 5͑b͒ Figure 6 shows the charge retention characteristics of the annealed memory capacitor, with the normalized capacitance plotted as a function of discharging time. After charging the device under an applied bias of −3 V for 10 s, the capacitance was monitored as a function of time under the flatband condition of the device at −1 V. The onset of the discharging process was only observed after a holding time of 100 s with no significant initial fast decay characteristic observed. 5% of the initial stored charge was lost after a holding time of 1000 s, maintaining a sufficient memory window to be easily current-sensed. As no significant charge storage loss was found up to 1000 s, a good stability of the programmed state is expected from the observed charge decay behavior. The long term charge storage characteristic of the device is also shown in Fig. 6 ͑inset͒. A gradual decrease of memory effect was observed, with a measured retention time of 10 4 s for 25% charge storage loss obtained, which is satisfactory as compared to devices with similar equivalent oxide thickness ͑EOT͒. 
IV. CONCLUSION
In summary, this work presents the promising potential of the memory structure with Ge nanocrystals embedded in lanthanide-based Lu 2 O 3 high-k dielectrics for low voltage NVM applications. The nanocrystal formation process was described based on the thermodynamics contribution through the reduction of Ge oxides and suboxides during the annealing process, leading to the nucleation and subsequent growth of Ge nanocrystals. A low annealing temperature of 400°C is sufficient for the spontaneous reduction reaction and formation of Ge nanocrystals. The results also outline the significant role of annealing on the improvement of charge storage behavior, which could be correlated to the formation of Ge nanocrystals corresponding to the reduction of Ge oxides and a simultaneous improvement in the oxide film quality upon annealing. This allows a significant charge storage capability achieved under low operation voltage, with sufficient retention maintained from the annealed device. 
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